Antiproton production in nucleus-nucleus collisions at energies below the threshold for its production from the nucleon-nucleon interaction in free space is studied in the relativistic Vlasov-UehlingUhlenbeck model. The antiproton self-energies in the medium are obtained in the mean-field approximation &om the G-parity transformation of the nucleon self-energies. Due to the decrease of antiproton mass in the medium as a result of the attractive scalar mean field, there is an enhanced production of primordial antiprotons which are, however, mostly annihilated by nucleons as they propagate through the matter. The calculated final antiproton momentum spectrum is seen to agree reasonably with the experimental data. PACS number(s): 25.75.+r, 24.10.Jv 
I. INTRODUCTION
Particle production in nucleus-nucleus collisions at energies that are below the threshold for its production from the nucleon-nucleon interaction in free space ofFers the possibility to study the properties of hadronic matter at high densities [1 -5] . Experiments have already been carried out to study the production of kaons [6, 7] , antikaons [8] , and antiprotons [8, 9] from heavy-ion collisions at subthreshold energies. With a threshold at 5.6 GeV, antiproton production in nucleus-nucleus collisions at energies of a few GeV/nucleon is clearly the most extreme subthreshold process in particle production. The first observation of subthreshold antiproton production in proton-nucleus collisions dates back to the 1950s [10] and 1960s [11, 12] . The experiments at the BEVALAC [8] and the JINR [9] in the 1980s provided the first evidence of subthreshold antiproton production in nucleus-nucleus collisions. Recently, new measurements of subthreshold antiproton production have been carried out at the KEK [1$] and at the GSI [14) .
There have been attempts to explain theoretically subthreshold antiproton production using, e. g., the 6re-ball model [15, 16] , the first-chance nucleon-nucleon collision model [17] , the quasicoherent multiparticle collision model [18] , and the dynamical models such as the VlasovUehling-Uhlenbeck (VUU) model [19] and the quantum molecular dynamics [20) . In the fireball model, one assumes that the system has reached thermal equilibrium and antiprotons are produced from nucleon resonances [15] or meson-meson interactions (e.g. , pp~pp) [16] . In these calculations [15, 16] , however, no detailed comparison with experimental antiproton momentum spectra was made.
The 6rst-chance nucleon-nucleon collision model was used by Shor et aL [17] to study subthreshold antiproton production in proton-nucleus and nucleus-nucleus colliPermanent address: Institute of Atomic Energy, Beijing 102413, China. sions. In this model, they included the internal nuclear momentum distribution extracted from the data on quasielastic electron scattering and backward proton production. Using a proper transition matrix element for NN -+ NNpIT, Shor et aL [17] were able to reproduce antiproton spectra in proton-nucleus collisions, but underestimated (with the same transition matrix element) the data in nucleus-nucleus collisions by more than three orders of magnitude. The underestimation will be even larger if one treats antiproton annihilation explicitly which is more significant in nucleus-nucleus collisions than in proton-nucleus collisions.
The first investigation of subthreshold antiproton production in the &amework of transport models was done by Batko et aL [19] . In this calculation, the b, (1232) degree of freedom was taken into account and was found to play a signi6cant role in subthreshold antiproton production. Neglecting the antiproton mean field and assuming that 90'%%uo of the primordial antiprotons are annihilated, Batko et aL [19] achieved a reasonable description of antiproton production in proton-nucleus collisions, but still underestimated the data in nucleus-nucleus collisions by about a factor of 5. A similar calculation was carried out by Huang et al. [20] in quantum molecular dynamics (/MD). Again the antiproton production data in nucleus-nucleus collisions were underestimated by about the same order of magnitude as in Ref. [19] . In both calculations [19, 20] , antiproton annihilation was treated schematically and the propagation as well as the elastic rescattering of antiprotons in the medium were neglected.
The underestimation of the antiproton yield in nucleusnucleus collisions has led to the suggestion that the quasiparticle properties of baryons (especially the reduction of baryon masses) in a dense medium might be important [21, 22] . Of equal importance to a proper understanding of the experimental data is the consistent treatment of antiproton production, propagation, rescattering, and most importantly, annihilation in the hadronic matter. In this paper, we shall investigate in detail antiproton production in nucleus-nucleus collisions in the framework of the relativistic Vlasov-Uehling-Uhlenbeck (RVUU) model, which is generalized to include the an- 
In terms of the phase space distribution function, the scalar and current densities in the local-density approximation can be expressed, respectively, as
Our starting point is the following nonlinear o-ur model [23, 24] :
+m'(8"m')P"' }f(z, p*) = I" (2) where I, is the collision term. In the above, the nucleon effective mass m' and the kinetic momentum p"* are defined by m' =m -Z" Pp Pp~&p 7
where the nucleon scalar (Z, ) and vector (Z"") selfenergies are given by =g (~)~~=g (~~) (4) In the mean-field approximation, the expectation values of the scalar and vector fields in nuclear medium are related to the nuclear scalar density Table I . These parameters are slightly difFerent from those given in Ref. [25] where the saturation density was assumed to be 0.145 fm s.
In Fig. 1 we show the density dependence of the energy per nucleon E'/A for the two sets of parameters. The solid and dashed curves correspond to nuclear incompressibility of 200 MeV and 380 MeV, respectively. We note that the difference between the two equations of state is smaller than that in the nonrelativistic Skyrme parametrizations [4, 5] . In Fig. 2 Table I. tion for all test particles: (9) (10) NNmNN, NL-+NB, DLmLL, where p is nuclear matter density.
The in-medium two-body collisions are treated in the same way as in cascade model [29] and Vlasov-UehlingUhlenbeck (VUU) model [30] . The following elastic and inelastic processes are included: NN + Nb"Nb, -I NN.
For NN~NN and NN~Nb, , the isospin-averaged nucleon-nucleon cross sections in free space [29, 30) are used. The cross sections for NL -+ NA and LA -+ LA are ass»med to be the same as that for NN~NN at the same center-of-mass energy. The cross section for NL.. . -. + NN is determined from the detailed balance relation [31] . Deltas are also propagated according to Eqs. (9) and (10) with their self-energies taken to be similar to the nucleon self-energies.
Finally, the pion degree of freedom is introduced via delta decay, i.e. , b, -+ n N. The inverse process xN~6
is also included to take into account the pion absorption.
Pious are assumed to propagate as free particles in the hadronic matter. As we shall show later, antiprotons are produced mainly from Nh and b, h interactions. To calculate the antiproton yield in nucleus-nucleus collisions requires thus the proper treatment of both delta formations and decays.
Due to the strong annihilation effect in antiprotonnucleus scatterings, the mean-Beld potential of an antiproton inside a nucleus is not well known empirically.
However, in the mean-field approximation the antinucleon self-energies can be obtained from the G-parity transformation, or charge conjugation, of the nucleon self-energies [32] . Since the scalar field remains unchanged under the G-parity transformation, the antiproton mass in the mediu~is similar to the nucleon mass and thus decreases with increasing density (see Fig. 2 ).
This reduces the threshold for antiproton production in the nuclear medium and leads to an enhanced production of the primordial antiprotons in nucleus-nucleus collisions. The vector potential acting on the antiproton has, however, an opposite sign from that for nucleons and is thus negative. We show in Fig. 3 FIG. 4 . The parametrimation of antiproton production cross section in the proton-proton interaction, as proposed in Ref. [19] . The experimental data are from Ref. [33] (open circles) and Ref. [34] (solid circles).
Antiprotons are assumed to be produced mainly &om the baryon-baryon interaction, i.e. , BB + NNpp, where B denotes either a nucleon or a delta. Because of the small probability of antiproton production in baryonbaryon interactions, antiproton production in nucleusnucleus collisions at subthreshold energies is treated perturbatively, and so the collision dynamics is not afFected by the presence of produced antiprotons. The antiproton momentum spectrum in the protonproton interaction in Bee space has been parametrized as [10, 11, 18, 33] 
This parametrization is based on the phase space argument and describes reasonably well experimental antiproton momentum spectrum in proton-proton collisions [10, 11, 18] . The total antiproton production cross section in Eq. (11) (12) and (13) with the in-medium nucleon and antiproton masses. The total center-of-mass energy~s of the colliding pair of baryons is then given by (14) s pi'/Q4 (15) where m, ' and p, ' (i=1,2) are, respectively, the effective mass and kinetic momentum of the colliding baryons. We assume that the antiproton production cross section in all baryon-baryon collisions is the same as that in proton-proton collisions, given by Eqs. (11) - (13) , at the same center-of-mass energy. Since most antiprotons are produced in Xb, and b, b, interactions (see discussion in Sec. IV), it will be of interest to investigate if this assumption is valid.
We note that, within the mean-field approximation and under the G-parity transformation, the vector potential energies are the same in both initial and final states of the reaction BB~NNpp and thus do not play any role in. primordial antiproton production.
In order to have good statistics and to treat properly antiproton rescattering as well as annihilation, we artificially allow N"-antiprotons to be produced in each baryon-baryon collision with energy above the antiproton production threshold. The momentum distribution of these antiprotons is determined according to Eq. (11).
Earth antiproton carries then a production probability which is given by 1/JVz time the ratio of the antiproton production cross section to the baryon-baryon total cross section. the uncertainties in the in-medium elementary antiproton production cross section and antiproton a~~ihjlatjon cross section, it is doubtful that one can obtain at present reliable information about the nuclear equation of state &om subthreshold antiproton production.
The reduction of the in-medium nucleon and antiproton masses leads to an enhancement of primordial antiproton production as a result of the lower production threshold. To see this explicitly, we carry out three calculations for the antiproton production probability in zsSi+zsSi collision at 2.1 GeV/nucleon and b=0 fm. The 6rst calculation is done in the usual nonrelativistic VUU model, using a soft Skyrme parametrization for the equation of state (K = 200 MeV) [4, 5] . In this case baryon masses do not change with density as the single-particle potential is moment»~independent. Bare nucleon and antiproton masses are thus used in Eqs. (12) - (14) . The result is shown in Fig. 10 by the dotted curve. The other two calculations are done in the RVUU model. In one calculation, the bare antiproton mass is used; i.e. , only nucleon mass drops with density. The threshold in this case is thus 3m'+m. The result of this calculation is shown in Fig. 10 by the dashed curve. The antiproton production probability in this case (dashed curve) is enhanced by about a factor of 7 over the result with the bare nucleon mass (dotted curve) (from 3.4x10 to 2.4x10 s). In the 6nal calculation, both eH'ective nucleon and antiproton masses are used and the threshold is therefore 4m'. The result is shown in Fig. 10 by the solid curve. It is seen that the antiproton production probability is further enhanced by about a factor of 3 as compared to the second case (from 2.4x10 s to 7.9x10 s). Overall antiprotons. This is reasonable since the annihilation effect is more significant for central collisions than for peripheral ones.
So far we have discussed mainly the antiproton abundance and production probability. It is clear that the propagation of antiproton in the medium [Eqs. (15) and (16) In Fig. 13 we show the effect of antiproton elastic rescattering by baryons on its momentum spectrum. The same collision system as in Fig. 12 is considered here. The solid and dashed curves correspond, respectively, to the results with and without rescattering. On the average, each antiproton undergoes about eight rescatterings (note that in this calculation neither the antiproton propagation in the mean-field potential nor its annihilation is included). With elastic rescattering, the antiproton moment»m spectrum becomes Batter. This e6'ect has also been observed in the kaon momentum spectrum &om nucleus-nucleus collisions at subthreshold energies [39] .
The effect of antiproton an~ihilation on its momentum spectrum is shown in Fig. 14 . In this calculation, both antiproton propagation in the mean-field potential and elastic rescattering are turned off. The solid and dashed curves represent the results with and without annihilation, respectively. We see that the annihilation plays a decisive role in the final antiproton momentum spectrum. With annihilation, the antiproton multiplicity is reduced by almost two orders of magnitude at low momenta and more than one order of magnitude at high momenta. The annihilation is stronger for low-momentum antiprotons as the annihilation cross section increases with decreasing momentum (see Fig. 5 ). Also, the low-momentum antiprotons stay longer in dense medium and thus have a larger chance to be annihilated. We note that in our calculation the free-space antiproton annihilation cross section [36] has been used. The in-medium annihilation cross section is unknown at present and may be diferent from the See one. Knowledges on antiproton annihilation in dense matter will be very useful in future studies.
Finally, we compare in Fig. 15 V. SUMMARY In summary, we have generalized the relativistic transport model to include the antiproton degree of &ee-dom, and treated consistently the antiproton production, the nonrelativistic VUU model as in Ref. [19] , the experimental data will be underestimated by about a factor of 20, similar to that shown in Fig. 10 for the total production probability. In Ref. [19] the experimental data were underestimated by only about a factor of 5, since, as we already pointed out early, in their schematic treatment of annihilation, the annihilation probability was also underestimated by about a factor of 3. Furthermore, if the effective nucleon mass is used but the antiproton mass is assumed to be unaffected by the medium, the experimental data will be underestimated by about a factor of 3 (see discussion about the production probability in Fig. 10 ). On the other hand, the experimental value at p~b =1.0 GeV/c is slightly overestimated by our calculation. This may indicate possible modiGcations of antiproton momentum distribution &om the baryon-baryon interaction and its annihilation in dense matter.
propagation, elastic rescattering, and annihilation in the hadronic matter. The antiproton self-energies have been obtained, in the mean-Geld approximation, from the Gparity transformation of the nucleon self-energies. Our main conclusions can be summarized as follows.
(1) As pointed out in Refs. [15, 19, 40] , the delta degree of freedom is very important in accounting for the large antiproton yield in nucleus-nucleus collisions at subthreshold energies. Without deltas, the antiproton yield will be greatly underestimated. This is one of the reasons for the small antiproton production cross section obtained in the calculation of Ref. [17] . Higher to be included explicitly in the transport model. In our study, the antiproton survival rate is only about 4/p, and is much smaller than that in Ref. [40] . This discrepancy needs to be understood in future studies. (4) In our study, it is necessary to include medium effects on nucleons and antiprotons in order to account for the experimental antiproton yield in nucleus-nucleus collisions. With the in-medinm efFective nucleon and antiproton masses, the antiproton yield is enhanced due to the reduction of the production threshold. In particular, our assumption that the antiproton potential in dense matter is given by the G-parity transformation of the nucleon potential leads to a reasonable agreement with the experimental data. However, one needs to be aware of the uncertainty in the elementary antiproton production cross section close to the threshold. Also, the contributions &om the higher resonances may be non-negligible. All these may affect our results, and more work is thus required in the future.
In conclusion, our results are quite encouraging. Since collisions with nuclei heavier than Si can lead to a larger volume of high density matter in the initial compressional stage of the collision, medium eH'ects are expected to be more appreciable in such reactions. It is thus of interest to continue in the future similar studies of antiproton production for collisions with heavier nuclei.
